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As space travel is expanding to include private tourism and travel beyond low-Earth orbit, so is the risk of exposure to space radiation. Galactic cosmic rays and solar particle events have the potential to expose space travelers to significant doses of radiation that can lead to increased cancer risk and other adverse health consequences. Metabolomics has the potential to assess an individual's risk by exploring the metabolic perturbations in a biofluid or tissue. In this study, C57BL/6 mice were exposed to 0.5 and 2 Gy of 1 GeV/nucleon of protons and the levels of metabolites were evaluated in urine at 4 h after radiation exposure through liquid chromatography coupled to time-of-flight mass spectrometry. Significant differences were identified in metabolites that map to the tricarboxylic acid (TCA) cycle and fatty acid metabolism, suggesting that energy metabolism is severely impacted after exposure to protons. Additionally, various pathways of amino acid metabolism (tryptophan, tyrosine, arginine and proline and phenylalanine) were affected with potential implications for DNA damage repair and cognitive impairment. Finally, presence of products of purine and pyrimidine metabolism points to direct DNA damage or increased apoptosis. Comparison of these metabolomic data to previously published data from our laboratory with gamma radiation strongly suggests a more pronounced effect on metabolism with protons. This is the first metabolomics study with space radiation in an easily accessible biofluid such as urine that further investigates and exemplifies the biological differences at early time points after exposure to different radiation qualities. Ó 2015 by Radiation Research Society
INTRODUCTION
Space exploration, while still primarily restricted to astronauts, is expanding to include future commercial travel through private companies and travel beyond low-Earth orbit to asteroids and Mars. One of the primary concerns for space travel is exposure to space radiation. Radiation exposure and more significantly space radiation have been connected with increased carcinogenesis, cataract development, neurological health risks of the central nervous system and cardiovascular disease, as well as with shortterm adverse effects that could compromise mission success (1) (2) (3) (4) (5) (6) . Radiation can also leads to perturbations of metabolic processes and inflammatory processes, and these changes can be reflected in biofluids, such as urine and blood, that could provide a snap shot of an individual's current physiological state. Metabolomics, the qualitative and quantitative assessment of small molecules, for example, can provide such a rapid identification of metabolites that would allow for the monitoring of radiation exposure. More importantly, metabolomics has the potential to provide individual assessment of disease risks based on levels of metabolic markers in easily accessible biofluids.
The main radiation exposure of astronauts is attributed to galactic cosmic rays (GCRs) and solar particle events (SPEs). GCRs originate from deep space, of which about 90% consist of very high-energy protons and helium, and to lesser extent heavy ions (HZE), such as 56 Fe, 16 O,
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Si and 12 C. SPEs on the other hand consist of very high flux midenergy (;100 MeV) protons, helium and HZE ions with protons as .80% of the particles. While both types have the potential to expose astronauts to high levels of radiation, SPEs are particularly worrisome during extra vehicular activities as astronauts have little time to seek adequate protection in areas with more shielding. SPEs and GCRs have alternating patterns of activity. GCRs are highest during solar minimum, with significant increases in solar activity approximately every 11 years. While space exploration in low-Earth orbit, e.g. International Space Station, provides a certain protection from direct space radiation due to Earth's magnetosphere, exploration beyond that point will certainly lead to higher levels of radiation exposure for astronauts.
Previous radiation metabolomic studies from our laboratory have focused on external gamma exposure, as in situations that may be encountered during radiological and nuclear events, and our extensive efforts have established the field of radiation metabolomics (7-10). Here we extend the studies to external proton irradiation, as may be encountered by astronauts in space. As protons, with a relative biological effectiveness (RBE) of 1.1, constitute the majority of GCRs and SPEs, it is imperative to assess their biological significance and determine the differences and similarities between the two radiation qualities (11) and more importantly the overall metabolic responses.
In the current study, mouse urine was analyzed through ultra performance liquid chromatography coupled to timeof-flight mass spectrometry (UPLC-TOFMS) at 4 h post exposure to 0.5-2 Gy of 1 GeV/nucleon of protons. Results were compared to previously published gamma-radiation urinary results for generation of comparative metabolomic biosignatures and additional biomarkers for protons exposure were mapped to biochemical pathways. Observed metabolic perturbations included altered amino acid excretion, purine and pyrimidine metabolism pathway molecules and TCA cycle products. To the best of our knowledge, this is the first metabolomics study in urine from mice exposed to radiation qualities that may be encountered in space and the first study to assess metabolic changes of space radiation at an early time point. We propose that metabolomics, through the generation of biosignatures in easily accessible biofluids, can provide a rapid method for monitoring radiation exposure. This may be implemented in future space exploration to not only assess biologic effects of exposure but also future health effects.
MATERIALS AND METHODS

Mice, Radiation Exposure and Sample Collection
Eight-week-old male C57BL/6 mice were bred at Georgetown University according to Georgetown University Institutional Animal Care and Use Committee (GUACUC) protocols (#12-035) and shipped to Brookhaven National Laboratory (BNL) one week prior to radiation exposure. Radiation exposure to protons (1 GeV/nucleon, LET 0.25 keV/lm) was performed at the NASA Space Radiation Laboratory (NSRL), as previously described. Mice were either sham irradiated (n ¼ 8), or exposed to 0.5 Gy (n ¼ 8) or 2 Gy (n ¼ 7) of protons. Spot urine samples were collected at 4 h postirradiation either just before (spontaneous bladder voiding) or directly after euthanasia with CO 2 (direct needle aspiration of the bladder) and stored at À808C until further processing.
Sample Processing and Data Acquisition
Water and acetonitrile were of analytical grade or higher purity. Debrisoquine sulfate and nitrobenzoic acid were obtained from SigmaAldrich (St. Louis, MO) and utilized as internal standards. Urine samples were processed as previously described (7) and analyzed with a BEH C18 Column, 130 Å , 1.7 lM, 2.1 3 50 mm on an Acquity UPLC H-Class (Waters Corporation, MA) coupled to a Xevo G2 mass spectrometer (Waters Corporation, UK) (UPLC-TOFMS). The capillary voltage was set at 3.0 kV and the source temperature at 1208C. Injections consisted of 2 ll with a column temperature of 408C and flow rate of 0.5 mL/min. Mobile phase A consisted of water þ 0.1% formic acid and Mobile phase B consisted of acetonitrile þ 0.1% formic acid. The gradient was as follows: 0-0.5 min consisted of 95% A; 0.5-4 min from 95% A to 80% A; 4-8 min from 80% A to 5% A; 8-9 min maintain A at 5%; 9-9.1 min from 5% to 95% A; and 9.1-10.5 min maintain 95% A. The Xevo G2 was operated in both positive and negative electrospray ionization modes with a range of 50-1,200 m/z and mass spectrometry data was acquired in centroid mode.
Data Processing and Analysis
Data processing was conducted using Progenesis QI Informatics (Nonlinear Dynamics, Newcastle, UK). Normalization was performed to all compounds. Data analysis was conducted with the statistical software package MetaboLyzer (12) . Statistically significant ions were identified through Welch's t test (complete presence ions) and Fisher's exact test (partial presence ions) with a P , 0.05 considered significant. Putative identities were assigned according to matches with databases incorporated in MetaboLyzer [Human Metabolome Database (HMDB), Kyoto Encyclopedia of Genes and Genomes (KEGG) and Lipid Maps] with a ppm error of ,10. Multivariate data analysis was conducted with the software SIMCA-P þ version 13.0 and patterns of global metabolite changes in each sample according to their relative concentrations were represented as heatmaps with the Gene Expressions Dynamics Inspector (GEDI) software, utilizing Euclidean distance. GEDI utilizes self-organizing maps (SOM) and have been successfully employed to represent radiation changes through metabolomics in previous studies (9, 13) . Groups of ions with similar patterns are clustered together in a tile or in the neighboring vicinity of the grid. Sample integrity is preserved in each analysis and each tile in the same analysis across samples represents the same ions, hence allowing for the direct interpretation of the results as a dose response. More information regarding GEDI can be found on the website (http:// bit.ly/1yN3c0P).
Validation of Putative Metabolites Through Tandem Mass Spectrometry
Verification of the identity of the putative metabolites was performed through tandem mass spectrometry (MS/MS) against pure chemicals. Pyridoxine was obtained from Acros Organics (Fair Lawn, NJ) and hexanoylglycine was obtained from ONBIO, Inc. (Ontario, Canada). All other chemicals were obtained directly from SigmaAldrich (St. Louis, MO). Pure chemicals were diluted in 50:50 acetonitrile:water and fragmented with ramping collision energy between 10 and 50 eV. Fragmentation patterns of the pure chemicals were compared to fragmentation patterns of putative metabolites in urine samples. As an additional confirmatory step, the fragmentation patterns were compared to those on the online database METLIN (http://metlin.scripps.edu/index.php).
RESULTS
Previous metabolomic studies from our laboratory have focused on creating a urinary metabolomic signature specific to gamma-ray exposure. The current study concentrated on the urinary metabolomics of protons irradiation and compared the results to those published with gamma rays. A graphical depiction of the experimental method is shown in Fig. 1 . Following peak alignment, peak picking, and deconvolution with the software Progenesis QI, the levels of creatinine were analyzed as a potential normalization method, as has been used in past studies of urinary metabolomics (7) (8) (9) (10) . However, given that the samples acquired were spot urines and therefore not a true representation of the rate of creatinine excretion, creatinine levels were not comparable between irradiated and nonirradiated groups (Supplementary Fig. S1 ; http://dx. doi.org/10.1667/RR13967.1.S1). Therefore, a different normalization method was employed, normalizing to all compounds, through Progenesis QI.
A principal component analysis through SIMCA-P þ utilizing the ESIþ data showed distinct clustering of the samples in their respective experimental groups ( Fig. 2A 1 . Study design and workflow for metabolomic analysis. C57BL/6 mice were irradiated with 0.5 or 2 Gy of protons (p þ ) 1 GeV/n or sham irradiated at the NSRL facility at BNL. Urine was collected at 4 h postirradiation either through spontaneous bladder voiding or direct needle aspiration of the bladder after euthanasia with CO 2 . Metabolomic profiling was performed with a Waters UPLC-TOFMS. Raw chromatographic data was aligned and peaks were picked with the software Progenesis QI. Following statistical analysis, markers were assigned putative identities through online database searches and pathway assignment was conducted through KEGG searches.
of gamma-radiation exposure. In particular, as depicted in Table 1 , similar excretion patterns were identified for uric acid, N-acetylspermidine, hexanoylglycine, 2 0 -deoxyuridine and creatine between external gamma exposure and protons. While common pathways perturbed by the two different types of ionizing radiation were identified, differences were observed for citric acid, oxoglutaric acid, hippuric acid and choline, allowing for distinction between the two types of radiation exposure.
Select metabolites were validated through tandem mass spectrometry and fragmentation patterns were matched with those generated from pure standards and verified with the online database METLIN. Those results are shown in Table  2 , where the validated metabolites are marked with an asterisk. The fold changes and P values for each of the metabolites (validated and putative) are also shown in Table  2 . The highest fold changes are observed with dihydrouracil (8.34 for 0.5 Gy and 5.2 for 2 Gy), methylmalonic acid (12.34 for 0.5 Gy and 6.44 for 2 Gy) and 2 0 -deoxyuridine (138.48 for 0.5 Gy and 339.38 for 2 Gy). For other metabolites dose specific changes were observed, with examples of different patterns of excretion highlighted in Fig. 3 . Regarding specific identities of altered metabolite excretion post proton exposure, pathway analysis revealed a significant number of putative ions mapping to the purine and pyrimidine pathways, the TCA cycle, fatty acid metabolism and various amino acids (Table 3) .
DISCUSSION
We previously reported on the metabolomics of urine from mice exposed to gamma rays. In this study, we extended the urinary metabolomics to identify markers of exposure to protons. As part of GCRs, high-energy protons can affect space missions and satellites and expose astronauts to significant doses of radiation. Mid-energy protons constitute part of solar particle events, encountered primarily during solar maximum. In this study we investigated the effects of high-energy protons in the While creatinine levels are primarily utilized for normalization of urinary metabolomic data to account for changes in glomerular filtration rates, they are most informative when urine is collected over a predetermined period of time, i.e. 24 h, when indication of kidney injury can be inferred by increased levels of creatinine excretion. Spot urine samples, while giving a snapshot of the metabolism at a given moment, can often times be misleading regarding the creatinine levels and kidney function. As such, different normalization methods offer a more robust method for biomarker discovery. This issue was encountered in previous studies and different normalization methods were discussed (8) . One such method, normalization to all compounds, was utilized in this study in the post-processing step, to account for the differences in urinary excretion and express the level of each ion as a fraction of total metabolites.
As has been reported with gamma radiation, a dose specific change in the excretion of urinary metabolites is evident after proton exposure as well. Previous gamma-and X-ray studies (Table 1) have utilized sublethal but also lethal (LD 50/30 and above) doses, primarily within the first 24 h postirradiation (over a 24 h time period or conducting a time course study). The overall metabolomic profiles in this study show an increase in excretion of metabolite levels with the higher dose of 2 Gy as early as 4 h postirradiation. This is consistent with time studies with gamma radiation, where some biomarkers exhibited increased excreted levels between 6 and 8 h after exposure (10) . It could be inferred therefore that on the urinary metabolomic level, the global metabolomic responses between different radiation types with similar RBEs show similar patterns, at least at early time points after exposure.
Although the similarities exist on a global level, significant differences between the two types of radiation began to emerge when we investigated individual metabolites. Based on previous identified metabolites of external gamma exposure, we compared and contrasted these metabolites with this study. As was shown in Table 1 , markers such as citric acid, oxoglutaric acid, hippuric acid, and choline show either a trend opposite of those previously identified with gamma radiation or a dose difference that Creatine " " was not observed after gamma exposure. Further analysis of the pathway perturbations indicates that the TCA cycle displays important perturbations in the first steps, resulting in affected levels of citric acid, oxoglutaric acid and fumaric acid, as seen in Fig. 4 . Previous studies with cells have shown that exposure to low doses of protons decreases the activity of certain enzymes involved in the TCA cycle in the progeny of bystander cells such as aconitase, without an effect at higher doses such as 2 Gy (14) . In our studies this can translate into urinary markers, as excretion of citric acid and the downstream oxoglutaric acid are reduced after a 0.5 Gy dose and increased after exposure to the higher dose of 2 Gy. Fumaric acid levels on the other hand showed increased excretion with both doses, however the fold change was more prominent with 0.5 Gy. This might suggest that with increasing dose of protons, the TCA cycle is progressively unable to maintain a balance for sufficient energy production. As levels of proteins can be directly affected by oxidative stress due to increased levels of reactive oxygen species (ROS) after proton irradiation (11), so the intermediary metabolite levels can be dysregulated as a direct effect of insufficient metabolism. The TCA cycle's primary role is to generate energy that can be eventually fed into the oxidative phosphorylation pathway to produce ATP and its dysregulation can have a direct effect on downstream pathways and processes, such as in apoptosis and DNA repair, which both have been found to be substantially impacted after proton exposure (11) .
The TCA cycle is further impacted by evidence of insufficient b-oxidation of fatty acids. The primary component for transportation of fatty acids into the mitochondria, L-carnitine, is significantly excreted in both low and higher doses of protons. This urinary marker is novel and specific to external proton exposure compared to gamma exposure. Impairment of entry of fatty acids to the mitochondria to be metabolized to acetyl-CoA, a precursor of the TCA cycle, leads to energy metabolism defects. To further demonstrate that radiation exposure has a generalized effect on energy metabolism, hexanoylglycine, a marker of gamma radiation exposure (9) and, in this study, of proton exposure, shows increased levels in urine. This marker is generally associated with medium chain fatty acid (MCFA) metabolism impairment; MCFA enter the mitochondria in a process other than the carnitine transport for preferential oxidation (15) .
Additional important perturbations with subsequent potential generalized effects involve the metabolism of various amino acids. In particular tryptophan, tyrosine, arginine and proline, and phenylalanine metabolism all displayed significant disorganization in urine from protonirradiated mice compared to the sham irradiated. This generalized alteration of amino acid metabolism, as evident in urine, has not been previously observed or reported with external gamma radiation and can therefore be attributed to direct exposure to high-energy protons. Perturbations of amino acid levels can have a potential impact on both protein levels and therefore DNA damage repair. Interestingly, part of the tyrosine pathway that shows significant changes is associated with the production of norepinephrine and epinephrine, with the pathway and the changes shown in Fig. 4 . Decreases in catecholamines and more specifically norepinephrine have been associated with cognitive impairment (16) (17) (18) (19) after exposure to space radiation. Alternations in cognitive abilities remains a primary area of research for NASA and other space agencies, e.g. ESA, and models of risk assessments are being developed as more scientific evidence regarding the effects of space radiation of the central nervous system are published.
A final theme that emerges from our analysis is the generalized perturbations of purine and pyrimidine metabolism. We have previously described metabolomic markers of external gamma radiation exposure that map to the catabolism of purines (8) or pyrimidines (9, 10) and elevated excretion was observed in a dose specific manner as early as 4 h postirradiation (10) . Early excretion of similar markers was also observed in this proton study, consistent with the damage associated with ionizing radiation. It remains however to determine whether these markers are direct products of clustered DNA damage and/or increased apoptosis, both of which are more extensive with exposure to protons versus photons (11, (20) (21) (22) .
As long term effects of exposure to space radiation persist and can lead to carcinogenesis and central nervous system effects, as has been previously demonstrated in mouse models (4, 5, 16, 17, (23) (24) (25) , it is imperative to understand the early effects of radiation exposure and the metabolic changes that can contribute to genetic alterations through persistent inflammatory or oxidative responses. Urinary metabolomics can rapidly provide a snapshot of the metabolic state of an individual and as shown this first study of exposure to protons identify a significant number of metabolites that are involved in important biochemical processes. Understanding and monitoring the metabolic changes due to radiation exposure can potentially lead to development of effective protective countermeasures against space radiation. Fig. S1 . Creatinine levels at 4 h postirradiation. Since levels of exposed group show statistically significant differences compared to the sham control, this marker is not a reliable method for normalization. Table S1 . Number of statistically significant ions for each ionization mode as determined through analysis with the software MetaboLyzer.
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